Abstract. Aberration-corrected transmission electron microscopy is used to study voids and nano-crystalline MnAs and As phases formed during the annealing of Mn-doped GaAs. The effects of defocus and inner annular dark-field detector semi-angle on contrast of the nanocrystals are discussed.
Introduction
A composite system comprising ferromagnetic MnAs in GaAs is of interest for combining the properties of semiconductors and magnetic materials [1] . The formation of MnAs nanocrystals in GaAs can be achieved by the low-temperature growth of a Mn-doped GaAs layer followed by annealing at a temperature above 773 K [1] . The densities and sizes of the MnAs nanocrystals are determined by the initial Mn concentration and the kinetics of the heat treatment. As a result of the small sizes of the nanocrystals and the sensitivity of GaAs to specimen preparation for transmission electron microscopy (TEM), the detailed chemical and physical properties of this composite system are not yet fully understood. Here, we use both image-aberration-corrected TEM and probe-aberrationcorrected scanning TEM (STEM) to study voids and both MnAs and As nanocrystals in (Ga,Mn)As annealed at 560 and 630 °C.
Experimental
The samples described below were deposited in a KRYOVAK molecular beam epitaxy (MBE) system onto a GaAs (001) substrate. (Ga,Mn)As layers were grown at 270 °C using an As 2 flux generated by a DCA valve cracker effusion cell with an As/Ga flux ratio of ~2. The Mn concentration was varied between 0.1 and 2 %. After MBE growth, the samples were annealed at 400, 560 or 630 °C in ultrahigh vacuum conditions. Annealing at the highest temperature of 630 °C was carried out in the presence of an As 2 flux to prevent degradation the surfaces of the samples due to As desorption.
Structural and chemical characterisation was performed on cross-sectional TEM specimens that had been prepared for TEM examination using conventional mechanical polishing and low-energy (< 1 keV) Ar ion milling. Great care was taken during TEM specimen preparation to minimise Ar-ionbeam induced artefacts. Both image-aberration-corrected TEM and probe-aberration-corrected STEM studies were carried out using FEI Titan microscopes operated at 300 kV. Objective lens aberrations were corrected up to fourth order and a small negative value of the spherical aberration coefficient (Cs) was used. The beam convergence semi-angle used for STEM was 15.7 mrad. The inner detector semi-angle for annular dark-field (ADF) imaging was varied between 20.2 and 99.2 mrad when collecting low-angle ADF (LAADF) and high-angle ADF (HAADF) signals. Chemical compositions were determined using energy-dispersive X-ray spectroscopy (EDXS) with an INCA X-sight Oxford Instruments detector. Figure 1 shows representative low magnification bright-field (BF) and LAADF STEM images of a (Ga,Mn)As sample that had been annealed at 630 °C. The nanocrystals were identified to have either hexagonal (NiAs-type, space group 194) or cubic (ZnS-type, space group 216) crystal structures using electron diffraction [2] . In the samples that had been annealed at 560 °C, As nanocrystals were identified, as described below. The MnAs nanocrystals in figure 1 appear dark in the BF image and bright in the LAADF image. Voids adjacent to the nanocrystals are barely visible in the BF image, whereas they are readily apparent in the LAADF image. The bright band contrast around each void in the LAADF image may be associated with strain and is expected to depend sensitively on the collection angle and sample thickness [3] . Figure 2 shows aberration-corrected high-resolution TEM images of a hexagonal MnAs nanocrystal and an associated void in the GaAs host, recorded using different objective lens defocus values. The images illustrate the complexity of TEM image interpretation, despite the fact that the image delocalization that would be present at the interfaces between the void or the nanocrystal and GaAs is almost absent due to the small values of Cs (~ -5 µm) and defocus used. Although the presence of the void results in an effective difference in specimen thickness, it is still barely visible in figure 2 (a) . A change in defocus by 20 nm results in different image contrast at the position of the void, as shown in figure 2 (b) . Interestingly, the apparent size of the MnAs nanocrystal measured from each image was different (5.1x6.1 nm vs. 6.9x6.6 nm). In contrast, the associated Moiré fringe pattern was present in each image making the image interpretation difficult. Figure 3 shows high-resolution aberration-corrected STEM images of a cubic nanocrystal and an adjacent void recorded using different inner ADF detector semi-angles. The nanocrystal is fully coherent with the GaAs matrix but has a slightly larger lattice parameter than that of GaAs, resulting in a strain field, associated with bright contrast in the LAADF image shown in figure 3 (a) . The presence of lighter Mn atoms (Z=25) in the nanocrystal results in a slightly darker contrast than that of the GaAs host (Z=31, Z=33) in the HAADF image, shown figure 3 (b) . A steep decrease in intensity of the nanocrystal relative to that of GaAs was observed when the inner detector semi-angle was increased to ~30 mrad, followed by a reversal of its contrast and a gradual further decrease in intensity, as shown in figure 3 (c) . A quantitative interpretation of the effect of strain on such images requires a detailed comparison the experimental results with simulations [3, 4] . Unexpectedly, rhombohedral and orthorhombic As nanocrystals were identified adjacent to hexagonal MnAs crystals in the sample that had been annealed at 560 °C. The identification of As relied on excluding the possible presence of Mn in the nanocrystals. Figure 4 shows a high-resolution aberration-corrected ADF STEM image and EDXS spectra recorded from MnAs and As nanocrystals adjacent to a void. A Mn signal was measured at the position of the MnAs nanocrystal, while an increasing As was measured at the position of the As nanocrystal, as shown in figure 4 (b) and (c). 
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Conclusions
A composite system comprising embedded voids and both MnAs and As nanocrystals in a GaAs matrix was studied using both probe-and image-aberration-corrected electron microscopy. Highresolution TEM images of the MnAs nanocrystals were found to be highly sensitive to imaging parameters such as defocus values, however the limiting factor of the image interpretation is still the Moiré fringes. ADF STEM images recorded as a function of camera length suggest the presence of strain fields around the embedded MnAs nanocrystals. Future work will involve the use of image simulations to understand the observed contrast quantitatively.
